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THE HIGHLY ORGANIZED three-dimensional architecture of the mammalian renal inner medulla (IM) underscores the important role structure likely plays in enabling the urinary concentrating mechanism (UCM) to proceed (13, (15) (16) (17) (18) . Mathematical models of the UCM provide insights into the functional contributions of spatial orientations of structural elements in the outer medulla (OM) and IM (4, 13, (22) (23) (24) (25) . These models have met with variable success in explaining the observed urine-concentrating ability, especially in the IM. Additional information about the details of renal architecture may permit modelers to suggest testable mechanisms that come closer to explaining the experimental observations. Discrete lateral orientation of nephrons, blood vessels, and collecting ducts (CDs) occurs at successive levels along the inner medullary axis, and these arrangements change in clearly defined ways with increasing depth below the IM-OM border (15) (16) (17) (18) . To better define these inner medullary lateral and axial arrangements, we have performed quantitative analyses of 1) CD cluster borders and 2) loop of Henle and vasa recta distributions and their positional relationships with regard to CD clusters. The results show, first, that loops of Henle and blood vessels intermingle with CD clusters (16, 17) along the inner medullary axis in such a well-organized fashion that two major functional compartments appear to exist laterally across the IM. These two compartments comprise 1) the intracluster interstitium and 2) the intercluster interstitium, defined largely by CD cluster arrangements.
Second, the axial arrangements of nephron segments and blood vessels occur in such a clearly repeating manner that the IM can be readily divided into four distinct axial zones. In contrast to the inner and outer stripes of the OM, the axial zones of the IM are not readily observable with standard histological techniques. These four zones include two outer zones and two inner zones. Zonation drawn from architectural features can be correlated to recognized functional features of nephron and vessel segments for the outermost three of these four zones. To provide a functional corollary for the innermost zone, which exists along the terminal 500 m of the papilla tip, we propose, on the basis of analyses of three-dimensional reconstructions, that wide-bend loops of Henle markedly impact total delivery of NaCl to this region, thereby performing a critical role in sustaining the solute gradient of the terminal papilla.
METHODS

Animals.
Young male Munich-Wistar rats (average wt 90 g; Harlan, Indianapolis, IN) were anesthetized with pentobarbital sodium (0.2 ml/100 g body wt) or with CO 2. All experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (Washington, DC: National Academy Press, 1996) and approved by the Institutional Animal Care and Use Committee.
Tissue preparation for immunohistochemistry. Kidneys were prepared for immunohistochemistry by retrograde perfusion through the aorta with PBS (pH 7.4) for 5 min and then with 0.01 M periodate-0.075 M lysine-2% paraformaldehyde in PBS (pH 7.4) for 5 min before removal from the animal. The whole medulla was dissected free, the OM was discarded, and the IM was immersed in fixative for 3 h at 4°C and washed in PBS. Tissue was dehydrated through an ethanol series and embedded in Spurr's epoxy resin (Pella). Serial transverse sections were cut at a thickness of 1 m either exhaustively or partially from medullas beginning near the OM-IM border and continuing in a papillary direction or from medullas beginning near the papillary tip and continuing in a cortical direction. To reconstruct uninterrupted segments of nephrons or vessels from the complete kidney, two to five sets of 1-m serial sections were prepared from epoxy-embedded tissue; in each set, sections were 5 m apart. Image overlays showing blood vessels and nephrons together were obtained from two sections offset from each other by ϳ2.5 m. Consecutive sections were placed onto glass microscope slides for immunohistochemistry (4 sections/slide). The boundary between the IM and the OM was identified on the basis of structural criteria (9) .
Immunohistochemistry. Generally, two sets of serial sections (see above) were prepared for each kidney: one set was labeled for nephrons and CDs, and one set was labeled for vasa recta and CDs. Nephron segments were labeled by indirect immunohistochemistry as described previously (15-18) using affinity-purified polyclonal antibodies against the COOH-terminal regions of the human water channel aquaporin 1 (AQP1, diluted 1:200, raised in mouse; Serotec), the rat kidney-specific chloride channel (ClC-K, diluted 1:200, raised in rabbit; Chemicon), the human water channel aquaporin 2 (AQP2, diluted 1:200, raised in goat; Santa Cruz Biotechnology), and a bovine monoclonal antibody raised against purified ␣B-crystallin (diluted 1:50, raised in mouse; Stressgen). AQP1 and AQP2 antibodies serve as markers for descending thin limbs (DTLs) and CDs, respectively, the ClC-K antibody serves as a marker for ascending thin limbs (ATLs), and ␣B-crystallin serves as a common marker for all tubules (15) (16) (17) (18) .
In the second set of sections, descending vasa recta (DVR) were labeled with a polyclonal antibody raised in rabbits against rat urea transporter B (UT-B, diluted 1:200; provided by Jeff Sands, Emory University). Ascending vasa recta (AVR) and capillaries were labeled with a polyclonal antibody raised in chicken against rat PV-1, a plasmalemmal vesicle protein formerly known as gp68 (21) (diluted 1:500; provided by Radu Stan, Dartmouth College). PV-1 is a component of the fenestral diaphragm, but its physiological function is poorly understood. In the rat IM, the AVR and capillaries are fenestrated and believed to have diaphragms. In addition, the terminal portions of UT-B-positive DVR are fenestrated, as is the entire subsequent descending UT-B-negative portion (17, 18) , and all are believed to have diaphragms. CDs were labeled for AQP2 as described above.
Secondary antibodies, including Alexa 499-, Alexa 568-, FITC-, tetramethylrhodamine isothiocyanate-, Cy5-, 7-amino-4-methylcoumarin-3-acetic acid-, and 4,6-diamidino-2-phenylindole-conjugated donkey Igs (Invitrogen/Molecular Probes or Jackson ImmunoResearch; diluted 1:200 or 1:100 in PBS-Triton), were applied simultaneously for 60 min at room temperature, and the sections were washed three times for 5 min each with PBS-Triton. Sections were mounted with Dako fluorescent mounting medium (Carpentaria, CA) and viewed with epifluorescence microscopy.
Image analysis. Separate stacks of digitized, serial images were generated by capture of AQP1, AQP2, ClC-K1, ␣B-crystallin, UT-B, or PV-1 immunofluorescence from each tissue section. Continuous surface and volume representations for each vessel and tubule were constructed as described previously from serial sections Յ5 m apart (15) (16) (17) (18) with Amira visualization and volume modeling software (Mercury, Chelmsford, MA). Quantitative analyses were carried out in two-or three-dimensional images using PhotoShop (Adobe) and the Image Processing Toolkit (Reindeer Graphics) or Amira, respectively.
Determining CD cluster boundaries with the Euclidean distance map. Each pixel in the background is assigned a luminosity value equal to its distance from the nearest edge of any CD; in this case, pixels at a greater distance are assigned a darker value (19) . This value encodes the straight-line distance to the nearest point on any CD edge. The Euclidean distance map (EDM) is then skeletonized to produce a boundary around each CD. The process of skeletonization sets pixels to white if they have neighbors that are darker. The boundaries are then linked to encompass individual CD clusters (Fig. 1) . Boundaries are represented in images as contour lines that correspond to the linear array of pixels that are most distant from any CD.
Determining loops of Henle associated with each cluster and measuring distances from loop or vessel to CD cluster boundary. For quantitation of loops of Henle within individual CD clusters at successive levels along the papillary axis, the following criteria were applied. At the IM base, those ATLs with cross-sectional area within the EDM boundaries of a single CD cluster were assigned to that cluster. Those ATLs lying on EDM boundaries were assigned to the cluster in which the majority of the ATL cross-sectional area lay. Each cluster includes only those DTLs that are contiguous with ATLs that had been assigned to the cluster, unless otherwise stated (see RESULTS). AQP1-positive and AQP1-negative DTL segments are included. In some cases, DTLs will physically reside in a cluster different from that determined by the location of their ATL with respect to the CD cluster boundary (EDM boundary). For quantitation of DVR and AVR within individual CD clusters along the papillary axis, those vessels located within the EDM boundaries of each cluster, at each successive level, were included. Those DVR and AVR within multiple subclusters were assigned to the cluster in which the majority of the cross-sectional area lay.
The minimum, transverse distance of each loop or vessel to the CD cluster boundary was determined for all loops and vessels associated with single clusters from five kidneys. Since CD clusters from four of these kidneys had not been completely reconstructed, the clusters were identified on the basis of individual CD proximity to one another as well as the arrangement of DTLs and DVR that encircled them. We previously showed this to be a satisfactory method for estimation of CD cluster boundaries (16) . A single section within ϳ500 m from the IM base was examined for each kidney. The mean distance for each segment type was determined for each cluster. The volume shrinkage factor for ethanol dehydration of rat medullary tissue has been reported to be ϳ20% (2), and the linear shrinkage factor has been reported to be ϳ20 -25% (3). Thus the linear distances that we report would underestimate the distances measured for fresh tissue by a maximum of ϳ20 -25%.
Statistical analyses. Data combined from three or more samples are reported as means and SD (n is number of replicates). The statistical significance of differences between means for each category of multiple data sets was determined with ANOVA and Tukey's post hoc test (P Ͻ 0.05).
RESULTS
Definition of CD clusters, their lateral boundaries, and the quantitative lateral relationship of loops of Henle and vasa recta to them.
As we reported previously (16, 17) , clusters of CDs form the lateral organizing motif for loops of Henle and vasa recta throughout the first 3.0 -3.5 mm of the IM (outer zone of the IM). This section first describes the lateral relationships in more detail and is followed by a description of the axial zonation. DTLs and DVR are arrayed outside these clusters (intercluster interstitium), whereas ATLs and AVR are nearly uniformly distributed outside, as well as inside (intracluster interstitium), the clusters (16, 17) . At the OM-IM border, each of these primary CD clusters consists of ϳ6 -12 CDs that coalesce into a single CD deep in the outer zone of the IM. About five to six of the terminal CDs from these primary CD clusters also coalesce to form a single CD Ͼ3.0 -3.5 mm below the base of the IM (in the inner zone of the IM). Therefore, about five to six of the primary clusters seen at the IM base make up a larger secondary CD cluster. The terminal CD from each secondary cluster apparently combines with the terminal CD from one other secondary cluster in the final 1.5-2.0 mm (inner zone of the IM) to form one of the 118 CDs found to be remaining 0.5 mm above the papillary tip in one reconstructed kidney (18) . These 118 CDs combine to form 13 ducts of Bellini at the papillary tip (18) . The number of CDs at the IM base making up each of the larger secondary clusters varies, but if we assume that number is 31 for all of them (as determined for one; see below), then the total number of CDs at the IM base is 7,316. This estimate in these Munich-Wistar rats is almost identical to the 7,300 estimated for SpragueDawley rats by Han et al. (3) . This total will vary somewhat, depending on the actual average number of CDs in each secondary cluster at the IM base, but it clearly fits with other types of estimates.
To examine more exactly how loops of Henle and vasa recta relate laterally to each of the primary clusters, we used the EDM technique (19) (see METHODS) to determine boundaries for the clusters. This approach leads to a boundary around each of these clusters, which, by definition, is the maximum distance from any CD in this or any neighboring cluster (Fig. 1) . We find that most of the AQP1-positive DTLs and UT-B-positive DVR lie directly on the boundaries that demarcate these primary CD clusters (Fig. 2) . The DVR tend to be arranged in their own clusters, the members of which are spaced in nearly equal numbers on either side of the CD cluster boundaries (Fig. 3) . These patterns of DTL and DVR distribution occur transversely across the entire IM (Fig. 4) .
We further quantified the relationship of loops of Henle and vasa recta to the CD clusters in transverse sections from five kidneys (see METHODS; Fig. 5 ). For these sections, the average distance from the center of each DTL and DVR to the cluster boundary is 6.8 and 7.8 m, respectively, whereas the mean distance from the center of each ATL and AVR to the cluster boundary in these same transverse sections is 14.9 and 17.8 m, respectively (Fig. 5) . Thus the DTLs and DVR lie within the intercluster interstitium at the farthest possible distance from the CDs. These lateral relationships of loops of Henle and vasa recta to CD cluster boundaries continue axially from the OM-IM border through the first 3.0 -3.5 mm of the IM (outer zone). Below this level (in the inner zone of the IM), the clusters consist of so few CDs that clusters can be defined only by their origin from a duct of Bellini.
Axial zones of IM. As discussed above, the arrangement of CD clusters as a clear organizing motif for the arrangement of loops of Henle and vasa recta continues only through the outer 3.0 -3.5 mm of the IM. Also, our previous studies have shown that all DTLs extending into the final 2.0 -2.5 mm of the IM lack AQP1 and that all vasa recta in the final 2.0 mm are fenestrated, with DVR differentiated from AVR only by the direction of blood flow (18) . Because of these major changes at ϳ3.0 -3.5 mm below the IM base, we have designated the first 3.0 -3.5 mm of the IM the "outer zone" and the final 1.5-2.0 mm the "inner zone" (Table 1 ). In addition, our previous work indicated that the DTLs of all loops of Henle with bends within the first ϳ1 mm of the IM lack AQP1 for their entire inner medullary length, whereas the DTLs of loops with bends below this level express AQP1 for the first 40% of their length and lack AQP1 for the remaining 60% of their length (16) . Because of this difference, we have designated the first 1 mm of the IM outer zone 1 and the next 2.0 -2.5 mm outer zone 2. Finally, about half of the loops of Henle extending into the terminal 0.5 mm of IM, instead of having narrow hairpin bends with only a small transverse segment, are bent so that they have long transverse segments. Because of this distinct difference in loop bends in this terminal 0.5 mm, we have designated the first 1.0 -1.5 mm of the inner zone inner zone 1 and the terminal 0.5 mm inner zone 2.
Numerical assessment of axial distribution of loops of Henle in CD clusters. Two complete secondary CD clusters were reconstructed in their entirety, beginning within ϳ100 m below the IM base. Each of these two clusters coalesced into a single CD ϳ4.5 mm below the IM base. At the IM base, these secondary clusters consisted of 31 and 41 separate CDs, respectively.
For this analysis, we first identified those ATLs or prebend segments within the spatial domain of each secondary CD cluster as defined by EDM in the first section near the IM base. This yielded a discrete population of identified nephrons that was then examined at descending levels. The numbers of these ATLs, as well as their contiguous AQP1-positive or AQP1-negative DTLs, were counted at descending intervals. Since prebend segments were not included in the DTL count, the sum of AQP1-positive and AQP1-negative DTLs at each interval is always less than the ATL count. Loops were counted at each 5-m level from near the IM base to the level where the CD segments had coalesced into a single, terminal segment (Fig. 6 ). Both limbs of these loops were closely associated with a single CD cluster along the entire papillary axis, although some drifted outside the cluster border (as defined by EDM), entering into spatial domains of neighboring clusters intermittently. The data for the secondary cluster with 31 CDs are shown in Fig. 6 . A similar loop distribution was seen for the other secondary CD cluster (data not shown).
The number of ATLs declines along the corticopapillary axis in a shallow exponential (Fig. 6A) . The decay rate for all loops that lie in this single secondary CD cluster (as reflected by the ATL distribution) appears to be well represented by the exponential used previously for all loops in the entire IM (3, 10, 13). As shown in Fig. 6A , the published exponential and the rates of decay for the DTLs and ATLs of this secondary CD cluster appear to be essentially the same. The AQP1-positive DTLs decline in number in a near-linear fashion, with none present below ϳ1,700 m from the IM base (Fig. 6A ). For this initial 1,700 m below the IM base, the number of AQP1-negative DTLs declines at a low rate, producing the pattern of a quasi-plateau (Fig. 6A ). This plateau in the first 1,700 m results from a combination of two factors (Fig. 6B ): 1) AQP1-negative DTLs that are AQP1-negative before entering the IM ("entire-null DTLs", ϳ50% of DTLs) form bends by ϳ1 mm below the IM base, thereby reducing the number of AQP1-negative DTLs through attrition; and 2) AQP1-positive DTLs gradually become AQP1-negative, and these loops add to the existing AQP1-negative DTL population through a one-forone replacement of AQP1-positive DTLs, thereby tending to offset the AQP1-negative segments lost by attrition. After the point where AQP1-positive DTLs disappear from the cluster entirely (ϳ1,700 m below the IM base), the number of AQP1-negative DTLs declines at a shallow exponential rate comparable to that of the ATLs as loops form bends.
ATLs associated with a primary cluster (as delimited by EDM) can be further described by their relationship to the CDs in that cluster. To do this more precisely than we have in the past (16), we drew polygons around the outer border of the CDs making up that cluster. We drew a straight line from the outermost convex point on the surface of each outer CD to a similar point on its neighboring CD within that cluster (Fig. 1) . By this process, we subdivided the total area of each primary cluster within the EDM boundary into the polygon area within the polygon area boundary (intracluster interstitium) and the area between the EDM boundary and the polygon area boundary (intercluster interstitium; Fig. 1 ). With this determined, we evaluated the position of each ATL relative to the CDs in each of five primary clusters that form a single secondary cluster, first at the IM base and then at 1,000-m intervals axially until all loops associated with this secondary cluster had turned back (Fig. 7) . As in our previous work (16), we found that we could divide the ATLs within each primary CD cluster into three groups. Group 1 includes ATLs that are bounded by at least two CDs or lie entirely within the polygon area. The mean tubule length for group 1 was 465.5 m (SD 553.3, n ϭ 21). Group 2 includes ATLs that are bounded by just one CD. These ATLs lie primarily on the border of the polygon area, with most of their cross-sectional area outside the polygon area. The mean tubule length for group 2 was 1,156.6 m (SD 664.8, n ϭ 40). Group 3 includes ATLs that are not bounded by any CDs. These ATLs lie primarily in the area outside the border of the polygon area of the cluster but within the EDM boundary of the cluster. The mean tubule length for group 3 was 2,352.7 m (SD 1,099.6, n ϭ 33). The frequency of ATLs in each group is nearly equal along the axis of the IM (Fig. 7) .
Surface area of wide bends of loops of Henle. Loops of Henle form two types of bends in the IM. One is the narrow hairpin bend that occurs throughout the IM from the base to the tip. The other, found only within the terminal 500 m of the IM (inner zone 2), has a bend with a very broad transverse segment (18) . These wide-bend loops, which include part of the ClC-K1-positive prebend region of the DTL and part of the ATL, tend to be close to and curved laterally around the CDs in this region (18) .
Because the prebend segments and the loop bends, whether narrow hairpin or broad transverse bends, are ClC-K1-positive (15, 18), we infer that, similar to the ATLs (5), which are also ClCK-1 positive (15), they are highly permeable to NaCl. 6 . Loop of Henle decay rates along the IM axis. All ATLs that are associated with a single CD cluster near the IM base and their contiguous AQP1-positive and AQP1-negative DTLs (which lie near but not necessarily within the same CD cluster as defined by EDM) were counted in each section at 5-m intervals from the base to the CD cluster terminus. DTLs that lack AQP1 upon entering the IM are called entire-null DTLs. Prebend segments were not included in the DTL count. Consequently, the sum of AQP1-positive and AQP1-negative DTLs at each interval is always less than the number of ATLs. Inset: DTL and ATL segments for 2 inner medullary loops of Henle. Entire-null DTL is shown on right. Loop population for this single secondary CD cluster [as reflected by the ATLs (ATL Exp Decay)] was fitted to the same exponential that was used previously for all loops in the entire IM (3, 10, 13 ).
Significant efflux of NaCl from the loops of Henle presumably occurs only from the ClC-K1-positive regions (13) . Moreover, model studies indicate that significant net NaCl efflux from the loops occurs only for a short axial distance around the loop bend, probably about the length of the prebend and a comparable length of the ATL (11) . In the case of the broad transverse bends, the region for net NaCl efflux appears to be increased transversely so that large amounts of NaCl can be delivered over a very narrow axial distance near the tip of the IM. The surface area of the portions of the loops involved in NaCl efflux should be important in determining the magnitude of NaCl efflux. Therefore, to determine more quantitatively the importance of these broad transverse bends, we examined their effect on the axial distribution of the surface area most important for NaCl efflux in the terminal 500 m of the IM (inner zone 2). To do this, we determined the basolateral surface area of all loop bends in this entire terminal region from the start of the prebend segments through an equivalent axial distance on the ATLs. First, we determined the surface area at 5-m intervals along the corticopapillary axis for all native narrowbend and wide-bend loops. Next, we repeated this measurement at 5-m intervals for the same loop population after we had hypothetically converted the wide-bend loops to narrowbend loops.
For this conversion, we considered loops with Ͼ50-m bends in the transverse direction to be wide-bend loops. We then replaced the prebend and transverse extension of each wide-bend loop with two axial segments totaling that length: one segment on the descending side and one on the ascending side of the loop (Fig. 8) . Finally, we repositioned the loop bend so that it lay at the same axial level as the original transverse segment (Fig. 8) . This hypothetical conversion has the effect of moving nearly all the transverse extension of each wide-bend loop to a higher axial level closer to the base of inner zone 2 and away from the tip of the papilla.
As shown in Fig. 9 , when all loops are converted to narrow hairpin bends, the cumulative surface area-to-papilla volume ratio for all loops (including, for each loop, the area from the start of the prebend to an equal axial distance on the ATL) decreases steadily over the final 300 m of the papilla, even though it is corrected for the decreasing papillary volume. In contrast, the same surface area of the native population (widebend and narrow-bend loops) remains more nearly constant until the last loops turn back in the terminal 25 m. Indeed, over most of the terminal 100 m, the surface area of the native population is about twice as great as that of the converted loops. Thus the presence of the wide bends maintains a large surface area for NaCl efflux in a very small and decreasing papillary volume.
The reabsorption of NaCl from the loops of Henle relative to the reabsorption of urea, water, and NaCl from the CDs is important for most proposed models of the concentrating process in the IM (13) . It appeared likely that the wide transverse bends might be important in determining the relationship between loop and CD reabsorption. Therefore, we examined the ratio of the surface area of all loop bends (from the start of the prebend through an equal axial distance on the ATL) to the surface area of all CDs at 5-m intervals along the terminal 500 m of the papilla. We did this for the native population of loop bends (wide-bend and narrow-bend loops) and for the converted population of loop bends (all wide bends converted to narrow bends). The results are shown in Fig. 10 . For the converted loop bends, the surface area ratio averages Fig. 7 . ATLs associated with a primary cluster (as delimited by EDM) can be further described by their relationship to the CDs in that cluster. ATL groups 1-3 are shown for 4 different levels below the IM base: those that touch at least 2 CDs or lie entirely within the polygon area (group 1), those that touch just 1 CD (group 2), and those that do not touch any CDs (group 3). Fig. 9 . Cumulative loop of Henle bend surface area-to-papillary volume ratio for all loops (including for each loop the area from the start of the prebend to an equal axial distance on the ATL). Ratios were determined at 5-m intervals throughout the final 500 m of the IM (inner zone 2). This was first done for all native loops (wide-bend ϩ narrow-bend). Wide-bend loops were then converted to equivalent narrow-bend loops (Fig. 8) , and their 3-dimensional surface area was determined. Cumulative loop surface area-to-papilla volume ratio was then computed for all converted wide-bend loops ϩ all native narrow-bend loops.
ϳ0.40 until the terminal 25 m, where the final loops turn back. For the native population of loop bends, this ratio also averages ϳ0.40 until the final 100 m. In this region, the ratio increases dramatically until the surface area of the loop bends equals or exceeds the surface area of the CDs. Indeed, it reaches ϳ1.40 times the CD surface area 50 m above the tip. Below this point, the ratio falls as the last loops turn back. The absolute magnitude of this ratio in the terminal 100 m reflects some decrease in CD surface area (data not shown), as well as an increase in loop bend area resulting from the broad transverse bends. However, the rate of decrease in CD surface area approximately matches the rate of decrease in loop-bend surface area when all loop bends are converted to narrow ones (Fig. 9) , resulting in the nearly constant CD surface area-toloop-bend surface area ratio (Fig. 10) . Therefore, it is clear that it is the presence of the broad transverse segments of loop bends in this terminal region of the IM (18) that alters the relationship of the loop-bend surface area to CD surface area.
DISCUSSION
CD clusters form by iterative branching and extension of CD segments beginning in early embryonic development (1, 20) , leading to a variety of repeating CD branching patterns and other distinct architecture clearly discerned in the adult (15, 16) . As described in our previous studies (16, 17) , these CD clusters form the lateral organizing motif for loops of Henle and vasa recta in the first 3.0 -3.5 mm of the rat IM. To quantitate loops and vessels associated with each CD cluster, we chose to use the EDM technique to empirically define the lateral, interstitial, and spatial domains of each primary and secondary CD cluster. The procedure creates boundaries that lie in the intercluster interstitium separating adjacent CD clusters. Each boundary was created for the full axial length of each cluster (although continuous axial boundaries are not shown), encompassing, in addition to each CD cluster, those nephron segments and blood vessels that are closest to that cluster. Compartments defined by EDM boundaries thereby include all components that exist in the intercluster interstitial space as well as in the intracluster space.
The intracluster interstitium is populated largely with the microdomains of interstitial nodal spaces created by the arrangement of two AVRs abutting a single CD and at least one ATL (17, 18) . Although ATLs and AVR also reside throughout the intercluster regions, nodal spaces are absent, except for the region immediately adjacent to the peripheral edges of the CDs in the clusters where ATLs and CDs with abutting AVR coexist. Thus, in a functional sense, the intracluster interstitium may in fact extend laterally to include those nodal spaces that abut the outer edges of the CDs in the cluster.
Nearly all the AQP1-positive DTLs and UT-B-positive DVR lie almost directly on EDM-defined cluster boundaries, as far as possible from any CD; moreover, they lie entirely in the intercluster region. The contiguous, deeper, AQP1-negative DTL segments tend to lie closer to the edge of CD clusters, at the interface between the intercluster and intracluster regions, and infrequently lie within the cluster (16) . Fenestrated blood vessels carrying fluid in a descending direction (PV-1-positive, UT-B-negative vessels that can be defined as DVR), as well as UT-B-positive DVR, appear to be restricted to the intercluster region (unpublished observations). Therefore, all inner medullary countercurrent exchange between DVR and AVR is restricted to this region.
ATLs, more than DTLs, tend to be unambiguously associated with a particular CD cluster. This close association with an individual cluster begins with the prebend segment. However, the number and identity of loops associated with a given CD cluster vary to some degree along the IM axis, as seen by variably increasing and decreasing numbers of ATLs and DTLs and by the variations in the sum of DTLs and ATLs (Fig.  6 ). This instability underscores the fact that, for a given loop, its association with a single cluster may not be entirely constant along the IM axis.
In the present study, we have proposed a nomenclature to facilitate reference to apparently specific axial regions of the IM. These regions are defined by differences in 1) the lateral arrangements of CDs, loops of Henle, and vasa recta discussed above, 2) protein expression patterns (Table 1) , and 3) structure. We have suggested that the IM be divided into an outer zone and an inner zone. We have further proposed that the outer zone be subdivided into zones 1 and 2 on the basis of the distribution of AQP1 in DTLs (Table 1) and that the inner zone be subdivided into zones 1 and 2 on the basis of the presence of loops with wide bends (Table 1) .
The lateral and axial compartmentation of loops of Henle and vasa recta of specific structural type, direction of flow, and expression of transporters and channels seems likely to play a significant role in the inner medullary concentrating process. For example, lateral solute gradients may be involved with developing and sustaining the concentrating mechanism, but technical limitations prevent satisfactory analysis of NaCl and urea concentrations in transverse compartments of the IM, and it is not known if lateral solute gradients exist. Restricted transverse diffusion of fluid and solutes could result from high interstitial fluid viscosity (e.g., from hyaluronan in the inner zone) (7, 14) and/or architectural barriers and axial components that are spatially isolated in the lateral dimension, such as Fig. 10 . Cumulative loop of Henle bend surface area-to-CD surface area ratio for all loops (including for each loop the area from the start of the prebend to an equal axial distance on the ATL). Ratios were determined at 5-m intervals throughout the final 500 m of the IM (inner zone 2). This was first done for all native loops (wide-bend ϩ narrow-bend). Wide-bend loops were then converted to equivalent narrow-bend loops (Fig. 8) , and their 3-dimensional surface area was determined. Cumulative loop surface area-to-CD surface area ratio was then computed for all converted wide-bend loops ϩ all native narrow-bend loops.
those described here (Table 1) . In any case, there must be some form of lateral separation of function, notably between the intercluster and intracluster regions, at least through the outer 3.0 -3.5 mm of the IM, since AQP1-positive DTLs and UT-B-positive DVR are entirely absent from intracluster nodal spaces.
The CD cluster, as a model, may be useful for understanding similar repeating units representing whole medullary function, thereby simplifying models of physiological processes. The geometric shape of the CD cluster roughly parallels the conical shape of the papilla, although it is much smaller. Importantly, the exponential decay rate of loop number along the axis of the CD cluster appears to be nearly identical to the exponential decay rate previously reported for the sum total of all loops in the IM of Sprague-Dawley rats (6, 10, 13) (Fig. 6) . From this information, the membrane surface area available for fluid and solute transport by tubules and vessels within each functional unit can be determined from tubule population and diameter.
ATL positional analysis confirms previous work (16) showing mean loop length proportional to position relative to CD cluster. Shorter loops, on average, lie within the intracluster region, whereas the longest loops lie in the intercluster region, outside CD clusters. Although not shown in this study, the contiguous DTLs tend to show comparable positional relationships to CD clusters (16) . Because of the probable importance of NaCl reabsorption by prebend and equivalent-length postbend segments (11, 13) , detailed quantitative data on prebend positions relative to interstitial nodal spaces abutting CDs, as well as loop length, and loop origin and destination in the OM would provide significant information for modeling the concentrating mechanism. Similarly, detailed knowledge of positions of AQP1-negative DTLs and transitions from AQP1-positive segments would provide important information for modeling. The zonation as designated here should be useful in mapping and referencing these elements throughout the IM.
Significant net NaCl efflux from the loops arguably occurs only for a short axial distance around the loop bend, above which the driving force rapidly diminishes (11, 13) . Wide-bend loops of Henle, recently described in the terminal 500 m of the papilla (18) , suggest that significant efflux of NaCl may occur over a very small axial distance near the papilla tip. Mathematical models indicate that such delivery of NaCl at a single point would be most effective for producing highly concentrated urine (12) . To gain insight into the possible significance of the wide-bend loops for this type of NaCl delivery, we examined their effect on the axial distribution of the loop surface area that is apparently most important for NaCl efflux. The results indicate that the presence of the wide bends in a limited axial region prevents the decrease in this surface area, especially over the final 250 m of the papilla tip, which would occur if all loops had narrow bends (Fig. 9) . Of perhaps even greater significance, the occurrence of wide-bend loops leads to a striking increase in this apparently critical loop surface area relative to the CD surface area over only 50 m in axial distance (from 25 to 75 m above the papilla tip; Fig. 10 ). These quantitative analyses suggest that the wide-bend architecture may well underlie the very high osmolality of the deep papilla.
Anatomic proximity between different structures likely does not result in rigid interactions but, rather, a continuum of functional relationships; fluid and solute diffusion between structures lying in neighboring CD clusters certainly occurs to some extent. The extent to which that occurs would be influenced by distance, diffusivity of interstitial fluid, and physical barriers such as we describe here. Another barrier likely includes interstitial cells, which have not been studied sufficiently for inclusion in architectural models or in UCM equations. Nevertheless, the localization of structures and transporter and channel proteins to the lateral and axial regions delimited in the present study may be significant for the function of the UCM in the IM.
